The recent increased severity in service conditions, such as frequent earthquakes, have further promoted the development of steel production technologies for many types of microstructural control. In the present paper, two-stage thermomechanical control process (TMCP) combined with accelerated cooling was employed to control the microstructural evolution and to study the microstructure-property relationship of low carbon bainitic steel. The main microstructure of hot rolled steel plates changed from granular bainite to lath bainite (or bainitic ferrite) when the final accelerated cooling temperature decreased from about 530 to 430 °C, accompanied with a notable increase in yield strength at the expense of slightly decreasing toughness. The strengthening mechanism was mainly attributed to dislocation strengthening and precipitation strengthening for this low carbon microalloyed steel. In addition, if the strain hardening exponent of hot rolled steel plate with the thickness of 13 mm is expected to be higher than 0.1, the final cooling temperature range should be maintained above 500 °C.
Introduction
The requirements on high strength steel plates and the increased severity in service conditions have stimulated the development of production technology. The thermo-mechanically controlled process (TMCP) combined with accelerated cooling as an effective method for microstructural control during production of steels has been widely employed to product high strength steel plates in many large steel mills. Recently, Nishioka and Ichikawa (2012) systematically reviewed the history of TMCP development, including metallurgical aspects of the microalloyed steel, the development of equipment, and the history of property control in steel plates as well as some early TMCP technologies.
The parameters of TMCP and cooling schedule are mainly responsible for final mechanical properties of products. Zaky et al. (2009) carried out the effect of different cooling rates on TMCP high-strength rebar steel, and it was found that quick water quenching to 600°C followed by air cooling after deformation creates tempered and softened bainite phase, which results in the best regime creating accepted mechanical properties. Rasouli et al. (2008) reported that as-received ferritic-pearlitic microstructure of a commercial microalloyed forging steel can be changed into the acicular ferrite, bainite or martensite by increasing the cooling rate. Shukla et al. (2012) showed that a random distribution of acicular ferrite and fine polygonal ferrite obtained at the finish rolling temperature of 750°C is the most attractive microstructure for pipeline applications.
As stated by Morrison (2009) , the additions of niobium, vanadium and titanium into steels play a vital role in the successful development and production of microalloy steels. The reasonable rolling schedule combined with cooling process is a necessity to realize the strengthening and toughening effect of microalloyed elements. However, it is not easy to obtain optimized parameters due to complex metallurgical effect of microalloy addition. For example, Chakrabarti et al. (2009) demonstrated that the segregated niobium can promote grain size bimodality during deformation in TMCP steel, which can affect the impact energy and cleavage fracture toughness of the steel. Tamehiro et al. (1987) showed that the combined addition of niobium or titanium and boron elevates the minimum recrystallization temperature and strongly suppresses the phase transformation.
In this study, the TMCP and accelerated cooling process were employed to product high strength low carbon bainitic steel with addition of multi-microalloys. Meanwhile, to further improve the mechanical properties of asrolled steel plates, the synergistic effect of combined addition of multi-microalloy elements in the experimental steel was investigated in detail.
Materials and experimental methods

Materials
The starting material was prepared by melting in a 150 Kg vacuum-induction furnace. The ingots were forged into hot rolled billets with the cross-section size of 130×110 mm. Table 1 presents the chemical composition of the studied steels obtained by spectroscopic analysis using the optical emission spectrometer. Low carbon multimicroalloyed composition design strategy was employed to lower the cost and to ensure the good weldability of the steel. 
TMCP and accelerated cooling process
The hot rolling was carried out on a pilot rolling mill with 450 mm diameter twin rolls. The forged billets were soaked at 1150°C for 1 h and hot rolled to two final thicknesses of 13 and 20 mm for the experimental steel. The controlled rolling was performed in two stages to refine the deformed austenite microstructure. In the first stage, about 55% deformation was given in the austenite recrystallization temperature range from 1150 to 1050°C. In the second stage, about 69% deformation was applied in the non-recrystallization temperature range from 840 to 800°C. The accelerated water cooling with different final cooling temperatures was employed to control phase transformation behavior. The detailed temperature results are shown in Table 2 . The mean cooling rates of the thin steel plates are higher than that of the thick steel plates. After completion of accelerated cooling, the steel plates were cooled in air to room temperature. The final cooling temperature was measured at five different locations and the average values as well as mean errors are given in Table 2 . 
Microstructure observation and mechanical properties
Specimens for tensile tests were cut from the middle of the hot rolled steel plates in the transversal direction, and the tests were conducted on a SANS 100 kN servo-hydraulic machine with a crosshead speed of 5 mm/min. The Charpy V notch specimens were also machined from the middle of the steel plates in the transversal direction, and the impact test was conducted at -20 and -40°C on an instrumented drop weight impact tester equipped with an oscilloscope which can record the impact load-deflection curve. In the impact tests, at least three impact results were measured for each condition and their average values were reported.
For metallographic observations, the specimens for various experimental conditions were polished and etched in 3% nital, and then the microstructures were observed using a Leica microscope. Thin-foil specimens for transmission electron microscope (TEM) were prepared to observe the refinement microstructure (including precipitates). Fracture surface morphology of impact specimens were also examined with a scanning electron microscope (SEM) to reveal the fracture micromechanism.
Results and discussion
Microstructure observation
Due to application of accelerated cooling technology, all the steel plates have various low temperature transformation microstructures with the decrease in final accelerated cooling temperature, which includes granular bainite, degenerate upper bainite, lath bainite, lath martensite, as well as second particles (e.g. carbides and martensite-austenite constituents: M/A), as shown in Fig. 1 . The main microstructure of the steels with 20 mm thick and the final accelerated cooling temperature of 530 °C is granular bainite with relatively homogenous distribution of second particles (Fig. 1a) . With the decrease in the final cooling temperature, the main microstructure is changed into lath bainite and the second particles become denser and finer (Fig. 1b) . when the thickness of steel plates reduces to 13 mm, the amount of lower transformation microstructure increases obviously even when the final accelerated cooling temperature is similar, e.g., comparing Fig. 1a with Fig. 1c , which is mainly attributed to the higher cooling rate obtained for the thin steel plates (see table 2). Meanwhile, the deformed austenite pancake structures can be identified because these low temperature microstructures forms by a displacive mechanism or a ledge growth mechanism according to the review paper about the mechanism of bainite transformation by Fielding (2013) .
The parallel and elongated austenite grain boundaries appear clearly for this kind of multi-microalloyed steel. This phenomenon is partly further reinforced by the following factors. On one hand, the combined addition of Ti and B can suppress the growth of austenite grain due to the formation of precipitates with higher solution temperature, which may be a primary factor to obtain the fine thickness of prior austenite pancake structure. On the other hand, the B segregated along the deformed boundaries decreases the stored energy and promotes the lower temperature phase transformation. When the final thickness of the steel plates decreases to 13 mm, the microstructure seems to contain quite a number of lath bainite/lath martensite because the second particles on the matrix is hard to be identified under the optical microscope (Fig. 1d) . This kind of microstructure morphology is very similar to the fine-scale microstructure in X120 pipeline steel proposed by Koo et al. (2003) Fig. 2a shows the parallel lath structure of bainitic ferrite in the steel plates with the thickness of 13 mm and accelerated cooling temperature of 430 °C. The lath width of bainitic ferrite measured is about 0.43 . Each ferrite lath contains high density dislocation, indicating that the dislocation strengthening can be obtained for lower temperature microstructure. For this low carbon microalloyed steel, precipitation strengthening is an important mechanism to improve the strength. The nano-size precipitates with dot shape (including Ti, Nb and V) can be detected in the matrix and the upper part in Fig. 2a shows the typical compositions for this kind of precipitates, as signified with black arrows in Fig. 2a . Due to the combined addition with Ti and B into the steel, there exists another type of typical precipitates along the lath boundaries, as signified with white arrows in Fig. 2a , and its typical compositions are presented in the lower part of Fig. 2b . This precipitates always contain lots of carbon and boron, although the amount of interstitial atoms is only qualitative. Therefore, they can be identified as boroncarbides, sometimes, even similar to boron brittle phase, Fe 23 (CB) 6 . Fig. 3 shows the variations of yield and tensile strengths, elongation and strain hardening exponent n value as a function of final accelerated cooling temperature. The stress-strain curves of all the specimens exhibited continuous yielding behaviours. The yield and tensile strengths increase with decreasing the final accelerated cooling temperature (Fig. 3a) , which is in good agreement with the microstructure evolution as mentioned above. That is, the volume fraction of harder phases transformed at a lower temperature in the order of granular bainite, degenerate upper bainite, and lath bainite is increased with decreasing the final cooling temperature.
Tensile strength
Compared with the strength variation, a reversed trend is expected to be observed with respect to elongation as a function of final accelerated cooling temperature, as shown in Fig. 3b , mainly owing to the formation of high strength microstructure restricting the plastic flow of the material. Another important aspect revealed in the recorded stress-strain curves is the strain hardening exponent n value of materials, which can be calculated for the uniform plastic deformation range. The n value decreases with the lowering final accelerated cooling temperature and the formation of boron-carbides in the Ti-B bearing steel (Fig. 2b) consuming the dissolved C and N atoms are partly responsible for the lower strain hardening exponent (e.g. the n value is only 0.06 for the 13 mm thick steel with the final cooling temperature of 430 °C) 
Charpy impact tests
As described in the previous study (Lan et al., 2011) , the typical impact load-deflection curve usually experiences five different stages during the progress of fracture, which includes elastic deformation stage, plastic deformation stage, ductile propagation stage, brittle propagation stage and ductile fracture stage. The energy consumed in the first two stages is mainly responsible for the nucleation of microcrack. Thus, the total impact absorbed energy can be approximately separated into crack initiation energy and crack propagation energy based on peak impact load. Table 3 gives average results of the impact specimens under the testing temperature of -20 and -40°C. The impact toughness normally decreases with lowering test temperature. On the other hand, as the final accelerated cooling temperature is decreased, the peak load and final deflection of the specimens decrease, which is expected to deteriorate the impact toughness, especially for crack propagation energy. The lower crack propagation energy is closely related to the formation of cleavage fracture in the center of fracture surface. More detailed information about fracture morphology can be obtained in the other companion paper. Therefore, the more the amount of low transformation microstructure, e.g. lath bainite, formed in the matrix, the higher volume fraction of cleavage fracture can be observed on the fracture surface. 
Conclusions
The main microstructure in the experimental steel changes from granular bainite to lath bainite with decreasing the final accelerated cooling temperature. The increase in mean cooling rate also improves the amount of low temperature microstructures, e.g. lath bainite containing high density dislocation. As a result, the yield and tensile strengths of the experimental steel increases gradually. The lower n value in this Ti-B bearing steel is partly attributed to the dissolved carbon and nitrogen consumed by the formations of borides and carbides. The impact toughness is deteriorated with the decrease in final accelerated cooling temperature, which is mainly due to the formation of cleavage fracture mode.
